The anaphase-promoting complex/cyclosome (APC/C) is a large multiprotein E3 ubiquitin ligase involved in ubiquitin-dependent proteolysis of key cell cycle regulatory proteins, including the destruction of mitotic cyclins at the metaphase-to-anaphase transition. Despite its importance, the role of the APC/C in plant cells and the regulation of its activity during cell division remain poorly understood. Here, we describe the identification of a plant-specific negative regulator of the APC/C complex, designated SAMBA. In Arabidopsis thaliana, SAMBA is expressed during embryogenesis and early plant development and plays a key role in organ size control. Samba mutants produced larger seeds, leaves, and roots, which resulted from enlarged root and shoot apical meristems, and, additionally, they had a reduced fertility attributable to a hampered male gametogenesis. Inactivation of SAMBA stabilized A2-type cyclins during early development. Our data suggest that SAMBA regulates cell proliferation during early development by targeting CYCLIN A2 for APC/C-mediated proteolysis. P lant organ size is determined by the total cell number and final cell size, resulting from cell division and cell expansion, respectively. In most, but not all, cases, the final organ size correlates with cell number, rendering cell division the main driver that controls growth (1).
The anaphase-promoting complex/cyclosome (APC/C) is a large multiprotein E3 ubiquitin ligase involved in ubiquitin-dependent proteolysis of key cell cycle regulatory proteins, including the destruction of mitotic cyclins at the metaphase-to-anaphase transition. Despite its importance, the role of the APC/C in plant cells and the regulation of its activity during cell division remain poorly understood. Here, we describe the identification of a plant-specific negative regulator of the APC/C complex, designated SAMBA. In Arabidopsis thaliana, SAMBA is expressed during embryogenesis and early plant development and plays a key role in organ size control. Samba mutants produced larger seeds, leaves, and roots, which resulted from enlarged root and shoot apical meristems, and, additionally, they had a reduced fertility attributable to a hampered male gametogenesis. Inactivation of SAMBA stabilized A2-type cyclins during early development. Our data suggest that SAMBA regulates cell proliferation during early development by targeting CYCLIN A2 for APC/C-mediated proteolysis. P lant organ size is determined by the total cell number and final cell size, resulting from cell division and cell expansion, respectively. In most, but not all, cases, the final organ size correlates with cell number, rendering cell division the main driver that controls growth (1) .
In all eukaryotes, unidirectional cell cycle progression requires the coordinated destruction of essential cell cycle regulatory proteins by ubiquitin-dependent proteolysis pathways (2) (3) (4) (5) . Specific E3 ubiquitin ligases mediate the recognition of target proteins (6) (7) (8) that are subsequently polyubiquitinated and subjected to proteolysis by the 26S proteasome. One of the most complex ubiquitin ligases involved in cell cycle control is the anaphase-promoting complex/cyclosome (APC/C), of which the composition can vary from 11 to 13 subunits depending on the organism. The APC/C complex plays essential roles in mitosis, meiosis, and postmitotically differentiated cells (3, (9) (10) (11) (12) .
The APC/C triggers the metaphase-to-anaphase transition and the exit from mitosis by mediating the degradation of proteins such as securin and mitotic cyclins (13) . In plants, the A-and Btype cyclins are subjected to proteolysis by APC/C through recognition of specific amino acid motifs, the destruction (D) and KEN boxes (6, 14, 15) . Plant A-type cyclins are produced and degraded earlier in the cell cycle than B-type cyclins and have distinct and nonredundant functions in the progression of cell division (16) . Based on their primary structures, the plant A-type cyclins are classified into A1, A2, and A3 groups (17) . The transcriptional regulation of the CYCLIN A2 (CYCA2) group coordinates cell proliferation during plant development (18, 19) and CYCA2;3 overexpression enhances cell division (20) .
The APC/C is regulated partly by two activating proteins CELL DIVISION CYCLE 20 (CDC20) and CDC20 HOMOL-OGY1/CELL CYCLE SWITCH 52 (CDH1/CCS52), that also determine substrate specificity (21) . Recently, ULTRAVIOLET-B-INSENSITIVE4 (UVI4) and UVI4-like/OMISSION OF SECOND DIVISION1/GIGAS CELL1 (UVI4/OSD1/GIG1) were identified as plant-specific inhibitors of the APC/C that are required for proper mitotic progression in Arabidopsis (22, 23) .
In Arabidopsis, the genes encoding the subunits APC2, APC3a, APC3b, APC4, APC6, APC8, and APC10 have been investigated functionally. In all cases, except for APC8, the analysis of the mutants revealed female gametophytic defects, probably as a consequence of the inability to degrade mitotic cyclins (24) (25) (26) (27) (28) . APC8 was shown to be involved in male gametogenesis (29) . Moreover, reduced expression levels of APC6 (10) or APC10 (10, 28) exhibited several developmental abnormalities, including defects in vascular development, whereas an APC4 loss-of-function mutant was defective in embryogenesis (26) . APC3b (CDC27b) has a role in the maintenance of cell division in meristems during postembryonic development (30) , and overexpression of APC10 enhances cell division and accelerates the degradation of the mitotic CYCB1;1, leading to increased leaf sizes (28) .
Here, we functionally analyzed an APC/C regulator of Arabidopsis, designated SAMBA. The samba mutants have an enlarged meristem size and show growth-related phenotypes, including the formation of large seeds, leaves, and roots; additionally, their fertility is reduced because of a defect in male gametogenesis. A biochemical analysis revealed that loss of function of SAMBA stabilizes CYCA2;3. We conclude that SAMBA is a plant-specific negative regulator of APC/C involved in the degradation of Atype cyclins.
To confirm that SAMBA forms a complex with APC/C in planta, TAP was carried out with 6-d-old SAMBA-expressing seedlings C-terminally fused to the GS tag (see SI Materials and Methods) and proteins were identified by mass spectrometry (MS). In agreement with previous results, SAMBA interacted with all APC/C subunits in planta, except APC11, which is difficult to identify with the selected analytical approach because of its small size (Table S1 ). Also, the interaction with the activator CCS52A2 was found, but not with CCS52B, UVI4, and UVI4-like/OSD1/GIG1.
Although TAP allowed the detection of the entire APC/C complex, it did not provide insight into the direct interactions between core subunits and associated proteins. Therefore, we performed yeast two-hybrid (Y2H) assays with the SAMBA protein against all APC/C subunits identified in Arabidopsis and its two coactivators, CCS52A2 and CCS52B. The results revealed a direct interaction of SAMBA with APC3b ( Fig. S1A) but not with APC1, APC2, APC3a, APC4, APC5, APC6, APC7, APC8, APC10, APC11, or the activators CCS52A2 and CCS52B. Taken together, the protein interaction data indicate that SAMBA is a component of the APC/C complex in plants, by binding APC3b.
SAMBA is 100 aa in length (10.8 kDa) and resembles APC16, a recently described APC/C subunit conserved throughout metazoans (32) (33) (34) that is 110-120 residues in size and characterized by four regions of sequence similarity, referred to as AH1 to AH4 (33) . Based on these regions of sequence similarity, several candidate APC16 subunits can be found in plants, including in Arabidopsis (Fig. S1B ), but except for some remote similarity at the AH2 and AH3 regions, SAMBA lacks sequence homology with APC16, particularly in the extended homology region AH4 located toward its C terminus. Inversely, homology searches identified single SAMBA-like proteins in various other plant genomes. Sequence alignments of SAMBA homologs revealed two regions of sequence conservation [SAMBA homology region (SHR)1 and SHR2], spaced by a 10-to 20-residue-long low-complexity region (Fig. 1A) . Because no homologous sequences were found in metazoans or protista, SAMBA constitutes an APC/C regulator unique to plants.
SAMBA Expression. Analysis of published microarray datasets and use of the BioArray (http://www.bar.utoronto.ca) and Genevestigator (https://www.genevestigator.com) tools revealed that the SAMBA expression was very weak in all tissues, except during seed development. To study the expression pattern of SAMBA, a 1.8-kb fragment upstream of the ATG codon of the SAMBA gene was fused to a β-glucuronidase (GUS)-GFP tandem reporter cassette and introduced into Arabidopsis plants. SAMBA expression was high during embryogenesis ( Fig. 1 B and C) but decreased gradually when seedlings germinated ( Fig. 1 D and F) . At 3 d after stratification (DAS) (Fig. 1D) , GUS staining was still well visible in all tissues; at 5 DAS, it diminished and became patchy in root tissues (Fig. 1E) ; finally, at 8 DAS, it was present only in the hypocotyls (Fig. 1F) ; and, at later stages of development, the expression was only observed in pollen grains (Fig. 1G) .
samba Mutants Develop Enlarged Organs. To assess the role of the SAMBA gene in plant growth and development, we analyzed its loss-of-function phenotype in two independent T-DNA insertion lines. Both lines were inserted into the first intron (Fig. S1C) , completely abolishing gene expression. Because both mutants had the same phenotype, they will be further referred to as samba, unless specified. Interestingly, the analysis of samba showed an increased seed size [up to 143% of the wild type (WT)] ( Fig. 2A and Fig. S2A ) and embryo size (Fig. 2B) . Additionally, samba rosettes were visibly larger ( Fig. 2C ) and roots were longer ( Fig.  2D and Fig. S2B ) than those of WT plants. As a consequence of the increased root length, the number of lateral roots in samba mutants was higher than that in the WT (Fig. S2C) . The increased growth of samba mutants also led to a significant increase in fresh and dry weight of shoots and roots (Fig. S2 D-G) .
To understand the samba growth phenotype, we analyzed both root and shoot meristem sizes. The root apical meristem (RAM), measured from the quiescent center (QC) toward the point where cortical cells start to elongate, was on average 26% larger in samba than in WT (Fig. 2E and Fig. S2H ). The shoot apical meristem (SAM) of seedlings at 12 DAS was analyzed by means of a 3D reconstruction made from serial sections. Volumetric measurements of seedlings at 12 DAS revealed that the mean SAM volume of samba was ∼40% higher (139 × 10 3 μm
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; n = 19) than that of the WT (99 × 10 3 μm
; n = 16) ( Fig. 2F and Fig. S2I ). Also when 3D reconstructions of the first leaf initials were compared at 4 DAS, leaf primordia of samba plants were on average 80% larger than those of the WT (Fig. 2G and Fig. S2J ). In conclusion, SAMBA appears to negatively regulate early seedling growth. To demonstrate that the observed growth phenotype is caused by the samba-1 and samba-2 mutations, we engineered a rescue construct (pSAMBA:SAMBA) consisting of 1,817 bp of the promoter sequence fused to the SAMBA full-length genomic sequence. Transgenic lines expressing this construction complemented the samba growth phenotype in both mutant lines analyzed (Fig. S3A ).
Cellular Analysis of the Samba Leaf Phenotype. To investigate the effect of SAMBA inactivation at later stages of vegetative development, we analyzed leaf growth kinematically. From 4 until 24 DAS, the first leaf pair of samba and WT plants, grown side by side, was harvested and leaf blade area, cell number, cell area, and stomatal index were measured. In agreement with the measurements of the shoot apex by 3D reconstructions, the leaf size of the first leaf pair of samba plants was already larger during the initial stages of development (Fig. 3A, Inset) . At 4 DAS, the size of the samba leaf initials was on average 94% larger than that of the WT (Table S2 ), but, during further development, it became relatively less pronounced and at maturity (24 DAS) had increased ∼36% (Fig. 3A) . Cellular measurements demonstrated that cell number (Fig. 3B ) and, to a lesser extent, cell size (Fig. 3C ) contributed to the increased leaf area. At 4 DAS, samba leaf initials already contained ∼56% more cells than the WT ( Table  S2 ). However, calculated on the basis of the increase in cell number over time, the average cell division rate for the entire leaf in samba and control plants was similar (Fig. 3D) , meaning that the difference observed in samba mutants happened already before analysis of the first time point (4 DAS).
An additional parameter involved in leaf development is the onset of endoreduplication that marks the transition between cell division and cell differentiation. Cells from leaves 1 and 2 divide up to 10 DAS, after which they gradually exit the cell cycle and start to endoreduplicate (35) . At 8 DAS, leaves 1 and 2 of samba and control lines had an equally low endoreduplication index (EI), representing the mean number of endoreduplication cycles per nucleus. The EI of samba leaves was significantly higher between 12 and 20 DAS than that of equivalent control leaves, particularly because of an increase in the 8C and 16C cell population (Fig. 3E, Inset) .
SAMBA Loss of Function Affects a Diversity of Transcripts. To understand the molecular mechanisms associated with the vegetative samba mutant phenotype, we extracted RNA from leaves 1 and 2 at 10 DAS for microarray transcript profiling. At 10 DAS, leaves 1 and 2 of samba mutants were clearly larger than the WT leaves. A total of 298 genes were differentially expressed (fold change 1.5; false discovery rate < 0.05): 287 were up-regulated, and 11 down-regulated. PageMan (36) analysis indicated that among the 287 up-regulated genes, the most overrepresented classes were ethylene signal transduction, stress response, transcription, and calcium signaling (Dataset S1).
Because the samba mutants were affected in cell number, as well as endoreduplication, we analyzed the expression profile of a set of 28 cell cycle marker and growth-related genes (Table S3) . WT and samba plants were grown in vitro for 8, 10, and 12 DAS, and RNA levels in dissected leaves 1 and 2 were measured with the nCounter system that allows a direct multiplexed analysis of selected transcripts (37) . Most of the G 2 /M-phase-related genes analyzed, such as CYCB1;1, cyclin-dependent kinase CDKB2;1, and 3xHMG-box2 (38-40), were significantly down-regulated at all three developmental time points in samba mutants, whereas genes encoding cell cycle inhibitors, such as KIP-RELATED PROTEIN 1, SIAMESE RELATED 1 (SMR1), SMR2, and SMR3, were upregulated, in particular at 8 DAS. A similar expression profile was found for the SHOOT MERISTEMLESS and EXPANSIN11 (EXP11) genes (Fig. 3F ). In conclusion, the expression analysis is consistent with the hypothesis that loss of SAMBA advances early development as seen by the down-regulation of mitotic cell cycle genes and the up-regulation of genes encoding cell cycle inhibitors, expansin, and ethylene-responsive genes.
Loss of SAMBA Stabilizes CYCA2;3. Recently, APC10 had been shown to regulate the CYCB1;1 abundance (28) , and the two APC/ C inhibitors UVI4 and UVI-like/OSD1/GIG1 stabilize CYCA2;3 and CYCB1;2, respectively (22, 23 ). Therefore, we tested whether SAMBA interacts with mitotic cyclins and affect their stability. Y2H assays between SAMBA and six different mitotic cyclins (CYCA1;1, CYCA2;2, CYCA2;3, CYCA3;1, CYCB1;2, and CYCB2;2) revealed that SAMBA interacted with CYCA2;2 and CYCA2;3, weakly with CYCA1;1, and not with CYCA3;1, CYCB1;2, or CYCB2;2 ( Fig. 4A ). When the D-box in CYCA2;3 was deleted, no interaction with SAMBA was observed (Fig. 4B) .
To substantiate the Y2H results, WT and samba mutant plants were stably transformed with a hemagglutinin (HA)-tagged CYCA2;3 under control of the CaMV35S promoter. Subsequently, the CYCA2;3 abundance was analyzed with a commercially available anti-HA antibody. Because SAMBA is strongly expressed during early developmental stages, protein extracts of etiolated plants at 5 DAS, were used (Fig. S4A ), avoiding interference with the large subunit of Rubisco. After fractionation by SDS/PAGE, Western blotting revealed a 51-kDa band specific to CYCA2;3-HA only in the samba mutant (Fig. 4C) , indicating the stabilization of CYCA2;3 in samba plants. Quantitative (q)RT-PCR analysis confirmed the overexpression of CYCA2;3 and the expression levels of SAMBA in the lines analyzed (Fig. S4 B and C) . This result, together with the Y2H experiments, implies that SAMBA targets CYCA2;3 for degradation.
To assess the specificity of the CYCA2;3 stabilization in samba mutant plants, we crossed transgenic plants carrying the CYCB1;1 promoter fused to the CYCB1;1 D-box-GUS/GFP construct with samba plants. Expression of the pCYCB1;1: CYCB1;1 D-box-GUS/GFP construct allowed us to estimate the rate of CYCB1;1 degradation in proliferating cells (28, 41) . The CYCB1;1 degradation rate did not differ in the leaf primordia or in the RAM of WT and samba mutant plants (Fig. S4 D and  E) , suggesting that SAMBA specifically targets A2-type and not B-type cyclins for degradation.
SAMBA Is Required for Male Gametogenesis. Although homozygous samba mutants could be obtained, immature siliques after selffertilization of the samba-1 and samba-2 mutants contained ∼46-47% (403 of 875 and 249 of 531, respectively) of aborted ovules, which were small, whitish, and shrunken (Fig. S5A ). This phenotype was probably attributable to malfunctioning of the male gametogenesis, because samba mutants produced considerably less viable pollen than WT plants. Indeed, in anthers of samba mutants, only 29% of pollen grains colored red after Alexander's staining, indicating viability (n = 1,606; Fig. 5 A and B) .
Reciprocal crosses between samba-2 /+ and WT plants were carried out to determine the T-DNA transmission. The transmission rate was severely reduced only when heterozygous samba mutants were used as paternal donor, confirming the dysfunction of the male gametogenesis (Fig. S5B) . Furthermore, the construct pSAMBA:SAMBA fully complemented the ovule abortion and the pollen viability phenotypes, showing that they were caused by the SAMBA inactivation ( Fig. S3 B and C) . To understand which stage of pollen development is affected in the samba mutants, we analyzed the progression through male meiosis. In both samba-1 and samba-2 homozygous mutants, meiosis was normal and formed balanced spore-containing tetrads (Fig. S5C) . Also, analysis of chromosome spreads revealed no abnormalities (Fig. S5D) . We conclude that SAMBA is not required for meiosis, and, therefore, the defective male gametogenesis must be postmeiotic. Indeed, analysis of the pollen grains at the mature stage revealed that WT pollen contained one vegetative nucleus and two sperm nuclei (Fig. 5C ), whereas ∼21% (n = 682) of the samba pollen contained only one vegetative nucleus (Fig. 5D) . These results indicate that the lack of SAMBA expression interferes with mitosis I of pollen microspore development.
Discussion
Although the APC/C plays an important regulatory role in the eukaryotic cell cycle and has been subject to numerous studies (12) , still much has to be learned on its biochemical structure and regulation. For example, only recently, APC16 had been identified as a functional APC/C component in animals (33, 34) and, similarly, UVI4 and UVI4-like/OSD1/GIG1 as plant-specific inhibitors of APC/C (22, 23) . Here, we identified SAMBA as a negative regulator of APC/C also unique to plants. TAP of protein complexes with SAMBA as bait allowed in planta isolation of the entire APC/C complex.
The SAMBA protein associates with the APC/C through direct interaction with APC3b that also binds to the CCS52 and CDC20 proteins throughout the common C-box and IR motifs (25). Although SAMBA does not have these motifs, it might interact with APC3b via the highly conserved SHR region found in all putative SAMBA orthologs. We speculate that SAMBA competes through interaction with APC3b with CDC20/CCS52 in targeting substrates for APC/C-mediated proteolysis.
The SAMBA gene is highly expressed in developing seeds and during early plant development, indicating a specific regulatory role at these early developmental stages. In concert, loss of function of SAMBA increases seed, embryo, and seedling sizes, suggesting that SAMBA acts as a negative regulator of growth. Later in development, the size differences between samba mutants and WT plants decrease. No size difference can be observed during flower development. Other APC/C regulators might act at different developmental stages. For example, APC10 is involved in CYCB1;1 degradation and has a role during vascular development (10, 28) , whereas the APC/C inhibitor UVI4 is important for trichome branching and UVI4-like/OSD1/GIG1 is required for the proper development of guard cells (22, 23) .
A detailed kinematics analysis revealed that the increased growth in samba plants results from enhanced cell proliferation during embryogenesis and very early, postembryogenic development, noticeable by the difference in leaf size and cell number at the first time point analyzed (4 DAS). The size of the SAM and early leaf primordia in the samba plants was on average 40% and 94% larger than that of the WT plants, respectively. Moreover, neither cell division rates nor timing were affected in the samba mutants. We interpret that the loss of function of SAMBA stimulates cell proliferation in developing seeds and early seedlings, and this initial size difference is maintained throughout leaf development until maturity.
Whereas differences in cell number already occurred at early developmental stages, differences in cell size became significant only at later stages of leaf development. Moreover, the endoreduplication rate of samba is higher, resulting from increased fractions of 8C, 16C, and 32C nuclei, suggesting that despite the increased cell number cells exit the division cycle faster. This hypothesis is supported by the expression analysis of cell cycle marker genes that revealed a more rapid down-regulation of mitotic genes and an up-regulation of the cell cycle inhibitory genes in the samba mutants. The EXP11 gene expression was also upregulated, in agreement with data showing that the ectopic expression of EXPANSIN genes stimulate plant growth and suppression by gene silencing reduces it (42, 43) . Furthermore, microarray analysis showed that in samba knockout plants, the ethylene signal transduction was clearly overrepresented, which plays a prominent role in cell division regulation during leaf development by arresting the cell cycle (44) .
SAMBA expression does not appear to be cell cycle-regulated in cell cultures (45) or in root tips synchronized with hydroxyurea (HU) treatment. SAMBA interacts with A-type cyclins, and, at least for CYCA2;3, this interaction depends on the presence of the D-box, suggesting that SAMBA might target A-type cyclins for the APC/C-mediated proteolysis. In support of this hypothesis, samba mutants highly accumulate the A2-type cyclins. This CYCA2 accumulation during early seed and seedling development is likely responsible for the stimulation of cell division, as corroborated by the enhanced cell proliferation in plants with increased CYCA2;3 levels, attributable to a mutation in the D-box (20) . Also, other APC/C components were shown to control cyclin stabilization. UVI4 negatively regulates the endoreduplication onset in Arabidopsis by restraining the activity of the CCS52A1 activator subunit. As a result, uvi4 mutants fail to accumulate CYCA2;3 during the S phase (22) . Conversely, UVI4-like/OSD1/GIG1 may prevent the occurrence of endoreduplication by selective inhibition of CCS52A2 activity during mitosis, thereby promoting the accumulation of CYCB1;2 (23) .
Mutations in most APC/C subunits affect female and/or male gametogenesis (24) (25) (26) (27) (28) (29) . Here, we show that samba is defective in mitosis I of pollen development, resulting in pollen without sperm nuclei. Mutants of APC8 and APC13 (29, 46) show phenotypes similar to those described here for the samba plants. Both mutants are affected in pollen development, leading to an increased proportion of uninucleated mature pollen, indicating that the APC/C is required during the first mitosis of the male gametophytic development. Also, in agreement with the samba male phenotype, SAMBA was expressed strongly in pollen grains but not in female organs.
Materials and Methods
A full discussion of materials and methods can be found in SI Materials and Methods.
Plant Material and Production of Transgenic Plants. Samba mutant plants (seed code SALK_018488 and SALK_048833) were obtained from the SALK collection (http://signal.salk.edu).
Kinematic Analysis. The complete kinematics was analyzed on leaves 1 and 2 of 8-10 samba and WT plants grown in vitro and harvested daily from 4 to 24 DAS.
Phenotypical Analysis of samba. For measurements of different parameters of the samba mutant phenotype, see SI Materials and Methods.
Immunoprecipitation and Protein Gel Blotting. Whole etiolated plant tissue (5 DAS) was ground with 4-mm metal beads. Proteins were extracted with homogenization buffer. After centrifugation at 20,000 × g, 300 μg of total protein extract was incubated overnight with Anti-HA Affinity Matrix according to the instructions of the manufacturer (Roche). For the SAMBA promoter analysis, a 1,817-bp genomic fragment (upstream of the ATG start codon) containing the putative SAMBA promoter was amplified from genomic DNA of Arabidopsis plants and cloned into the pDONR201 vector (Invitrogen) and then transferred to the GUS::GFP-containing binary vector pFASTG04 (1) . For the production of Arabidopsis transgenic plants, Agrobacterium tumefaciens strain C58C1Rif R harboring the plasmid pMP90 was used to transform plants by the floral dip method (2) .
Supporting Information
The genomic complementation construct was generated by amplification of 920 bp for the entire SAMBA genomic region plus 1,817 bp of the promoter region (upstream of the ATG), generating the pSAMBA:SAMBA construct, and introduced into the pB7WG vector. The construct was transformed into samba mutant plants using A. tumefaciens by floral dip (2). Arabidopsis embryos were imaged between slide and coverslip on a confocal microscope. Excitation was done with a multiargon laser (458, 488, and 514 nm) with 5% laser line-attenuated transmission and a MBS488 dichroic mirror. GFP fluorescence was detected through a spectral emission window ranging from 493 to 598 nm. The digital gain was set at 1.00, signal averaging at 8, and optical slice thickness at 1 airy unit.
Pollen viability was assessed by mounting pollen in Alexander's stain as described previously (3) and observed by transmitted light microscopy. For 4,6-diamidino-2-phenylindole (DAPI) staining of pollen grains, anthers were dissected and mounted in DAPI solution [(5 mg/mL DAPI, 50 mM Pipes, 5 mM EGTA, 0.1% Nonidet P-40, and 10% (vol/vol) DMSO] and incubated for 2 h before observation on a fluorescence microscope (Carl Zeiss). Kinematic Analysis. The complete kinematics was analyzed as described (4) on leaves 1 and 2 of 8-10 samba and WT plants grown in vitro harvested daily from 4 to 24 DAS. The leaves were cleared with 100% ethanol, mounted in lactic acid on microscope slides, and photographed. The leaf area was determined with the ImageJ software (http://rsb.info.nih.gov/ij). Abaxial epidermal cells (40-100 cells) of four to five blades of leaves 1 and 2 were drawn with a microscope (Leica) fitted with a drawing tube and a differential interference contrast objective. Photographs of leaves and drawings were used to measure the leaf area and to calculate the average cell area, respectively, with the ImageJ software. Leaf and cell areas were subsequently used to calculate cell numbers.
RNA Extraction, Nanostring nCounter Assay, and q-RT-PCR Analysis.
Total RNA was extracted from the frozen material with the TRIzol reagent (Invitrogen). To eliminate the residual genomic DNA present in the preparation, the RNA was treated by RNasefree DNase I according to the instructions of the manufacturer (GE Healthcare) and purified with the RNeasy Mini kit (Qiagen).
To measure RNA levels, the Nanostring nCounter analysis system (Nanostring Technologies) was used by the VIB MicroArrays Facility (http://www.microarrays.be) as described previously (5). For this study, the nCounter code set consisted of probe pairs for 28 Arabidopsis genes [plus the three reference genes CAP BINDING PROTEIN20 (CBP20), A-type CYCLIN-DEPENDENT KINASE (CDKA), and UBIQUITIN CONJUGAT-ING ENZYME (UCB) for normalization]. Total RNA extract (100 ng) of leaves 1 and 2 was hybridized, and all genes were measured simultaneously in multiplexed reactions. After a first normalization against the internal spike-in controls, genes were additionally normalized against the three reference genes. Whenever peaks or other genes (with different intensities) were compared, data were transformed with the formula y = x min/ (max)min, where "min" and "max" are the minimum and maximum values measured for the gene in the time series, respectively.
For cDNA synthesis, 500 ng to 1 μg of RNA was used with the iScript cDNA Synthesis Kit (Bio-Rad) according to the instructions of the manufacturer. The primer sequences used in the q-PCR experiments are listed in Table S4 . Relative expression levels were determined with the Light-Cycler 480 Real-Time SYBR green PCR System (Roche). The data were first normalized to the expression level of the housekeeping genes for each RNA sample.
ATH1 Expression Profiling and Data Analysis. RNA from three biological repeats was hybridized to the ATH1 array (Affymetrix). Expression data were processed with the robust multichip average (background correction, normalization, and summarization) in BioConductor (6) (7) (8) . An improved chip description file was used, in which each probe was assigned uniquely to one transcript and was excluded when it aligned to a different transcript with 24 or more perfect matches (9) . Differentially expressed genes were identified with the BioConductor package Limma (10) . P values were corrected for multiple testing (11) . Differential transcripts were investigated with PageMan (12) and BiNGO (13) to calculate the functional overrepresentation of MapMan and Gene Ontology categories.
Y2H Assay. cDNAs encoding the different subunits of APC/C, including SAMBA, were introduced into both the Gateway Binding Domain (pDEST32) and the Gateway Activation Domain (pDEST22) cloning vectors (Invitrogen). For the cotransformations, the PJ69-4a strain was used. The yeast competent cells were transformed with the Frozen-EZ Yeast Transformation II kit (Zymo Research) according to the protocol of the manufacturer.
Cotransformed
The fragments carrying the coding regions of Arabidopsis cyclins with native or the mutated D-box motif for the CYCA2;3 were introduced into the pDEST32 vector in frame with the binding domain-coding sequence and subsequently transformed yeast cells.
Root Meristem Size Analysis. Seeds were plated on half-strength Murashige and Skoog (MS) (14) agar growth medium and placed at 4°C for 2 d to synchronize germination. Plates were then placed vertically in a growth chamber (22°C; 16 h photoperiod) . The meristem length from the QC to the first elongated cell exhibiting vacuolization was measured at 5 DAS of 15 ± 5 roots of samba and WT seedlings used in each experiment. Seedlings were stained for 3 min in propidium iodide solution (10 mg/mL) and visualized by confocal laser scanning microscope (Carl Zeiss). Root meristem length was measured with the ImageJ software.
Three Dimensional Reconstruction of the SAM and Leaf Primordia.
For the meristem and primordia reconstructions, samples were prepared from WT and samba plants at 12 and 4 DAS, respectively. Plants were fixed in a 1% (vol/vol) glutaraldehyde, 4% (wt/vol) paraformaldehyde phosphate buffer solution (100 mM; pH 7.2), treated four times for 15 min each in a vacuum desiccator, and kept overnight at 4°C. Subsequently, serial sections were made, and 3D reconstructions were analyzed as described (15) . For each set of measurements, at least two entirely independent experiments were set up. The total number of plants analyzed is shown in Fig. S2I .
In Planta GS TAP. The ORF encoding SAMBA (AT1G32310) was cloned as a C-terminal fusion to the GS tag under the control of the cyclin-dependent kinase CDKA;1 (AT3G48750) promoter, which is active in dividing plant tissues (16) as described previously (17) . A genomic fragment of 1,662 bp upstream of the start codon was chosen as CDKA;1 promoter. This construct was transformed into Arabidopsis Col-0 by floral dip (2) . Sterilized heterozygous T3 seeds were grown in liquid medium [2.15 g/L MS basal salt mixture (14) , 10 g/L sucrose, 0.5 g/L Mes, 0.1 g/L myo-inositol] in shake flasks under a short-day regime (8 h light/16 h darkness). After 6 d, seedlings were harvested, frozen in N 2 (liquid) and stored at −80°C
. Total protein extract was prepared and GS TAP done as described (17) , with some minor adaptations. Briefly, seedlings were ground in N 2 (liquid) in a blender, and two volumes of extraction buffer were added. After two centrifugation steps of 20 min at 36,900 × g, the extract was filtered through a double layer of Miracloth (Calbiochem). A peristaltic pump (flow rate, 1 mL/min) was used to pass the extract over 250 μL of IgG beads, packed in a Poly-Prep column (0.8 × 4 cm; Bio-Rad). After the complexes had been washed with 25 mL of IgG wash buffer and 12.5 mL of tobacco etch virus (TEV) buffer, they were eluted by TEV protease treatment. The resulting eluate was incubated for 1 h with 400 μL of Streptavidin beads. After a second wash step, Streptavidin-bound complexes were eluted with desthiobiotin, precipitated with trichloroacetic acid, and separated in a short 7-min run on a 4-12% gradient NuPAGE gel (Invitrogen). Proteins were visualized with colloidal Coomassie brilliant blue staining. The protein gel was washed for 1 h in H 2 O. The polypeptide disulfide bridges were reduced for 40 min in 25 mL of 6.66 mM DTT in 50 mM NH 4 HCO 3 , and, sequentially, the thiol groups were alkylated for 30 min in 25 mL of 55 mM iodoacetamide in 50 mM NH 4 . All standards and samples were dissolved in mobile phase A. Of each sample or control standard, 10 μL was loaded on a C 18 precolumn (PepMap 100, 5-μm particles, 20 mm × 200 μm internal diameter; Dionex) with a flow rate of 6 μL/min (100% mobile phase A). Five minutes after injection, the trapping column was switched in line with an analytical C 18 column (Acclaim PepMap 100, 3-μm particles, 150 mm × 75 μm internal diameter; Dionex). Peptides were eluted with 65-min gradient flow at a flow rate of 300 nL/min.
MS spectra were recorded in the orbitrap FT analyzer with a resolution of 60,000 (at m/z 400) and an automatic gain control (AGC) target setting of 500,000. The maximum injection time was set to 500 ms, and lock mass was enabled (polysiloxane ion at m/z 445.12024). Collision-induced dissociation MS/MS spectra were acquired by the ion trap in data-dependent mode, selecting up to the 20 most abundant multiply charged precursor ions from the MS spectrum. The maximum injection time was set to 50 ms and an AGC setting of 7,500. Fragmentation was accomplished by collision-induced dissociation wideband activation at normalized collision energy of 35 eV and an activation time of 30 ms. After MS/MS, the m/z precursors were excluded for 30 s. Spectra were processed with Proteome Discoverer 1.3.0.339 (Thermo Scientific) and submitted for protein identification against The Arabidopsis Information Resource 10.0 with the search engine Sequest. Proteins identified with at least two high-confidence peptides were retained. A list of nonspecific background proteins was assembled by combining our previous background list (18) with background proteins from control GS purifications on mock, GFP-GS, and GUS-GS cell culture extracts and of GFP-GS 6-d-old plant extracts identified with the LC/MS setup. To obtain the final list of interactors, these background proteins were subtracted from the list of identified proteins.
Immunoprecipitation and Protein Gel Blotting. Whole plant tissue was ground with 4-mm metal beads. Proteins were extracted with homogenization buffer (18) . After centrifugation at 20,000 × g, 300 μg of total protein extract was incubated overnight with Anti-HA Affinity Matrix according to the instructions of the manufacturer (Roche). Immunoprecipitate was washed five times with wash buffer [50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.1% Nonidet P-40; complete protease inhibitor mixture tablets (Roche)]. The proteins in the precipitate were fractionated by SDS/ PAGE and transferred onto PVDF filter paper (GE Healthcare). Anti-HA high-affinity rat monoclonal antibody clone (3F10) (Roche) was used for protein gel blotting. Blotting signals were detected with the enhanced chemiluminescence protein gel blot detection system (GE Healthcare).
Cytological Analysis. Final meiotic products were observed, and chromosome spreads were generated as described previously (19) . Proteins identified using peptide-based homology analysis of LC/MS data and background proteins identified in control experiments were withdrawn. Only proteins identified by at least two peptides with a peptide confidence of >99% (P 0.01 ) were retained. Coverage, percentage of the protein sequence covered by identified peptides; No. of unique peptide, number of peptide sequences unique to a protein group; No. of amino acids, sequence length of the protein; score, the sum of the scores of the individual peptides; accession no., according to The Arabidopsis Information Resource (TAIR). 
